). This work not only provides insights into the understanding of anion chemistry, but also suggests the rational design of new mixed-anion battery materials.
Introduction
Rechargeable Li-ion batteries are among the most desired choices for future electrochemical energy storage. 1, 2 The performance of Li-ion batteries is governed by the crystal structure and the active element(s) of the electrode materials. Understanding the role of anions, which acts as pillars for the crystal framework, is of importance for advancing the performance of electrode materials. Transition metal oxides (MO x ) 3 and lithium transition metal oxides (Li-M-O) [4] [5] [6] [7] with O 2À anions have demonstrated pronounced variation as the materials to be used or considered. The metal-ligand bonding character (ionic/ covalent) and the bond strength are crucial factors to determine the redox potentials 8 and the Li + storage mechanism (intercalation/ conversion). 9 The incorporation of guest anions of high electronegativity into the crystal lattice is found to be an effective strategy to enhance the electrode performance. 10, 11 Mixedanion materials have become a new avenue for developing promising candidates with versatile crystal chemistry and physicochemical properties. [12] [13] [14] [15] However, the parent crystal symmetry is often altered by introducing guest anions, making it difficult to identify the individual function of anions governing the performance. Anion partitioning is often observed in mixed-anion materials upon lithiation (such as FeOF, with the formation of separate oxide and fluoride phases) in the case of large mismatch in the bonding between metal and different anion ligands. 13, 16 This leads to a conversion reaction at low voltage plateaus and the initial active phase can hardly be recovered. 16 In contrast, early transition metal compounds with strong metal-ligand bonding (such as vanadium-based oxides and vanadates) are favourable for Li + intercalation reaction without metal-oxygen bond cleavage. 17 So far, candidate compounds of vanadium-based mixed anion materials for Li-ion batteries are extremely rare. We have previously reported a new oxyfluoride intercalation compound Li 2 VO 2 F, 18 which has a high theoretical capacity of about 462 mA h g À1 and a stable crystal structure for more than one-electron reactions. It outperforms any known vanadium oxide and vanadate with respect to reversible capacity and structural stability. 17 The realization of high capacity intercalation compounds based on mixedanion oxyfluoride is of great importance. For ex situ structural characterization, samples were collected after disassembling the cell and washed with dimethyl carbonate. Electrochemical impedance spectroscopy (EIS) measurements were performed at 25 1C using a Bio-Logic instrument in the frequency range of 100 kHz-1 mHz with an AC voltage of 5 mV. Prior to EIS measurements, the cathode materials were cycled to the requested voltages and then held for 2 h to reach a quasiequilibrium state.
Synchrotron XRD and PDF analysis
Synchrotron X-ray diffraction (XRD) data were collected at beamline BL04, MSPD (l = 0.41343 Å) at the ALBA Synchrotron Light Source, Spain. The powders were loaded into 0.7 mm glass capillaries in an argon-filled glovebox. The high energy X-rays were used to access the high magnitude of scattering vectors of Q max = 26 Å À1 (Q = 4p sin y/l) for the success of atomic pair distribution function (PDF) analysis. The scattered radiation was collected using a Mythen II detector. The diffraction patterns were refined using the Rietveld method using the FullProf program. 27 The PDF, G(r), provides the probability of finding atomic pairs separated by the real space distance (r) in a sample, weighted by the concentration and scattering power of the contributing atoms. Raw X-ray total scattering data were processed using the program Fit2D 28 and then Fourier transformed to yield the PDF, G(r), using PDFgetX3. 29 PDFFIT 30 was used to refine the structural models.
V K-Edge XANES
The vanadium K-edge X-ray absorption near edge structure (XANES) spectra was recorded using an in-house Rigaku R-XAS spectrometer in transmission mode at room temperature with a crystal monochromator Ge(311) and an energy resolution of 0.7 eV, at the Southern Federal University, Russia. Pellets were prepared in a glovebox and sealed in an X-ray transparent plastic bag in an inert atmosphere. An argon-filled ionization chamber was used to detect the incident intensity on the sample and a scintillation counter was used for the detection of transmitted intensity. The goniometer section of spectrometer was filled with helium buffer gas to avoid the strong air absorption of X-rays. Ten spectra were acquired and averaged for each sample.
Raman, 7 Li MAS NMR and EPR
Raman spectra were collected using a He-Ne laser at 632.8 nm with a laser power of about 1 mW. An incident laser spot (2 mm) was focused on the powder samples sealed in glass capillaries, under the assistance of a microscope objective. Spectra were recorded at several different sample positions. Solid state 7 Li magic angle spinning (MAS, with a spinning speed of 40 kHz) nuclear magnetic resonance (NMR) experiments were performed on a Bruker Advance spectrometer using 1.8 mm MAS probe at room temperature (901/1801 pulses of 2/4 ms). Spectra were referenced to a 1 M LiCl solution at 0 ppm. Electron paramagnetic resonance (EPR) spectra were recorded at room temperature with powders sealed in a 4 mm quartz tube.
Results and discussion

X-ray diffraction
Nanoscale isostructural Li 2 VO 2 F and Li 2 VO 3 were synthesized by a high energy ball-milling technique using lithium oxide/fluoride and vanadium oxide as precursors in an inert atmosphere. The total scattering data were collected with synchrotron X-ray diffraction and subsequently converted to d spacing values (Fig. 2a) . The XRD pattern for Li 2 VO 3 resembles that for Li 2 VO 2 F, suggesting long-range structural similarities. Rietveld refinement confirms that both materials crystallize in the same cubic Fm% 3m symmetry with a DRS structure (Fig. S1 † Note that the Rietveld technique is not able to account for the local distortion at the atomic scale. Hence, the atomic PDF analysis of the diffraction data, which considers both Bragg and diffuse scatterings, was performed to probe the short-range and intermediate-range structural information independent of the long-range order.
Atomic PDF analysis
The atomic PDF, G(r), decays to zero at r E 100 Å for Li 2 VO 2 F and Li 2 VO 3 ( Fig. S2 †) , indicating a crystallite size of about 10 nm. For r-range from 1.5 to 10 Å, the experimental PDF profiles for all samples show large similarities (Fig. 2b ). For Li 2 VO 2 F, the PDF profile can be well fitted using the average Rietveld structure model (Fig. 3a) . Moreover, the local structural imperfections can be visualized directly from the PDF fitting. The local distortions are evidenced by the deviations of the first two PDF peaks (d 4a-4b , d 4a-4a or d 4b-4b ) from the expected interatomic distances of a/2 and a/O2 (indicated with arrows in Fig. 3a ) in the lattice with atoms constrained to particular positions. Such distortions reveal the difference in local bond lengths in the octahedral units. By further refining the atomic positions of F and the isotropic atomic displacement parameter (U iso,F = 0.028 Å 2 ), one can obtain an improvement in the reliability factor (R wp ) from 19% to 6.8%. For Li 2 VO 3 , a shoulder PDF peak located at a shorter bond length (1.74 Å) was observed (Fig. 2b) . The PDF profile for Li 2 VO 3 cannot be successfully fitted using crystallographic structure models derived from Rietveld refinement by considering only a single Fm% 3m phase. Attempts to refine the structure using an assumed starting model with a NaCl superstructure (LiVO 2 -like phase, Fd% 3m), as previously discussed by Pralong 31 and Chieh, 32 do not yield a good fit. Instead, PDF refinement by introducing a monoclinic phase (LiVO 3 , C2/c) yields an improved fit (R wp = 16%) (Fig. S3 †) (Fig. S4 †) . These Raman features bear a likeness to that of a high-pressure phase of amorphous LiVO 3 with structural deformation. 34 The PDF corresponding to the Fm% 3m phase with oxo and oxofluoro anions was extracted from the raw PDF multi-phase data and plotted together with intensities normalized arbitrarily, keeping the first two peaks superimposed (Fig. S5 †) . It can be seen that Li 2 VO 2 F has slightly larger lattice dimension compared to Li 2 VO 3 . In Fig. 3b , PDF profiles in short range (1.5-4 Å) are shown to highlight the nearest bonding character at approximately a unit lattice dimension. The three PDF peaks correspond to the bond lengths of the nearest cation-anion (4a-4b), the nearest cation-cation (4a-4a) or anion-anion (4b-4b), and the second nearest cation-anion (4a-4b) in the cubic Fm% 3m structure. The V(Li)-O(F) bond distances are centered around the same values. The relative intensities of the correlations are nearly identical. In addition, the width of the PDF peak reflects the distribution of atomic distances and the correlation of atomic thermal motions. The oxyfluoride shows narrower PDF peaks than the oxide. It is deduced that the oxofluoro ligands do not cause a significant increase in the degree of distortion compared to the oxo counterpart.
7
Li NMR and EPR 7 Li MAS NMR measurements were performed for the as-milled Li 2 VO 3 in order to probe the local Li environments. A broad 7 Li resonance line (with a linewidth of 58 ppm) centred at À24.6 ppm was observed (Fig. S6 †) , together with a sharp signal at B0 ppm (Li-containing species from diamagnetic impurities). Compared to Li 2 VO 2 F (À9.1 ppm), 18 (Fig. S6 †) , compared to Li 2 VO 2 F (with trace amounts of V 4+ due to a non-stoichiometric composition). 18 
V K-Edge XANES
Further spectroscopic characterization using element-specific and oxidation state-sensitive techniques were performed to discriminate the electronic structures of V for both materials. The normalized V K-edge XANES spectra together with the first derivative spectra for the as-milled Li 2 VO 2 F and Li 2 VO 3 are shown in Fig. 4 ) are also shown. Similar to V 2 O 3 , Li 2 VO 2 F has a weak pre-edge absorption located at about 5.468 keV. In contrast, a more prominent pre-edge peak located at a higher energy of 5.469 keV was observed for Li 2 VO 3 . Pre-edge peaks can be attributed to quadrupole 1s-3d transitions or dipole transitions to the 3d states hybridized with p-states. The high intensity of the pre-edge feature in Li 2 VO 3 indicates noncentrosymmetric coordination, as is found in several vanadium oxides. 37 Both Li 2 VO 2 F and Li 2 VO 3 show strong whiteline peaks, compared to the reference materials. The main absorption edge (dipole-allowed 1s-4p transition) for Li 2 VO 3 is located at higher energy (an energy shift by B2 eV) than that for Li 2 VO 2 F, indicating a higher average oxidation state of V. In addition, the main absorption edge shapes for Li 2 VO 2 F and Li 2 VO 3 are very similar with shoulder peaks at 5.475 keV (1s-4p shakedown transition). Such absorption features can be better seen in the derivative spectra. The local coordination symmetries of V absorbers in Li 2 VO 2 F and Li 2 VO 3 will be further studied by extended X-ray absorption fine structure using synchrotron radiation in future. 
Galvanostatic electrochemical cycling
The to 4.1 V may trigger the electrolyte decomposition. The second charge curves for both materials are roughly overlapped. However, the discharge curves shift down by about 0.3 V for Li 2 VO 3 compared to that for Li 2 VO 2 F. The onset discharge voltage is about 3.5 V for Li 2 VO 3 , which is lower than that of about 4 V for Li 2 VO 2 F. The average discharge voltage is about 2.2 V for Li 2 VO 3 and about 2.5 V for Li 2 VO 2 F. The higher lithiation voltage for the oxyfluoride is believed to be related to the presence of the F ligand with high electronegativity. The sloping profiles suggest a single-phase intercalation mechanism for both materials.
The dQ/dV curves in Fig. 5b show the difference in the centred redox voltages, which is about 0.6 V for Li 2 24 These observations suggest that the ligand anions play a predominate role in the electrochemical properties in terms of energy density and energy efficiency.
EIS Studies
EIS spectra were recorded to extract the characteristic kinetic parameters such as the charge transfer resistance (R ct ) and the Li + chemical diffusion coefficients (D Li +) for Li 2 VO 3 and Li 2 VO 2 F.
All the Nyquist plots consist of two depressed semicircles at high and middle frequency regions and an inclined straight line at the low frequency region (Fig. 6 ). The R ct , which defines the transport rate of charge carriers across the electrode/electrolyte interface, is estimated from the EIS fitting (w 2 ranging from 10 À4 to 10
À6
) of the high and middle frequency semicircle regions (3 Hz-10 kHz for Li 2 VO 3 , and 10 Hz-10 kHz for Li 2 VO 2 F) using a proposed equivalent circuit by Levi et al., 39 consisting of the solution resistance and two parallel RQ elements in series. Fig. 7a shows the variation of R ct at different voltages. Li 2 VO 2 F showed lower R ct compared to Li 2 VO 3 , indicating fast kinetics of the electrode reaction. This provides physical interpretation of the electrochemical polarization behaviour for both materials. In addition, for Li 2 VO 2 F, R ct showed a relatively small variation with voltage (i.e., Li content), compared to that for Li 2 VO 3 . These observations suggest that the microscopic Li + diffusion behaviour can be largely through the tetrahedral site, which shares face with the octahedral V cation, will be subjected to the electrostatic repulsion from the neighbouring V cation. Earlier ab initio computations on layered materials showed that the high-valent cation will have a negative impact on the activation energy for Li + transport. [43] [44] [45] It is a straightforward case that the electrostatic repulsion between the mobile Li + and its neighbouring V 4+ in Li 2 VO 3 is higher than that between Li + and V 3+ in Li 2 VO 2 F (Fig. 7c ). Li + hopping through an o-t-o path in Li 2 VO 2 F is energetically more favourable than that in Li 2 VO 3 . Thus, in spite of the extremely high crystallographic similarities between Li 2 VO 3 and Li 2 VO 2 F, the different anionic environment and the difference in the valence of vanadium lead not only to a different redox energy of vanadium, but also to a significant impact on the Li + hopping behaviour in the lattice. In general, the size difference of anions can alter the dimension of the unit cell and affect the Li + diffusivity. 45 Additionally, anions with different electron charge densities and their local spatial distributions in the crystal structures can contribute to considerable differences in the activation barrier. These issues need to be addressed in future work. Divergences in the bonding character, atomic charges, electron density and electrostatic interaction across two isostructural samples with a DRS structure illustrate how material properties can vary largely depending on the anion environment.
Conclusions
In summary, we correlated the chemical/electronic nature to the electrochemical/kinetic behaviour of intercalation materials Li 2 VO 3 and Li 2 VO 2 F with an isostructural DRS structure. Detailed crystallographic and spectroscopic characterizations were performed to identify the structure of the studied materials. Besides the higher theoretical and practical capacity of the oxyfluoride (Li 2 VO 2 F), improved electrochemical performance (higher voltage, lower polarization and better Li + diffusivity) was also observed over its oxide analogue (Li 2 VO 3 ). These comparative studies demonstrate how to enhance cathode performance by simply controlling the anion chemistry through incorporating a high electronegativity anion ligand into the crystal structure. In addition, our further work has also proven that even higher voltage and accordingly higher energy density can be achieved in such an oxyfluoride system. 46 The combination of DRS structure and mixed anion chemistry would be of general interest for designing new high-performance energy storage materials.
